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ABSTRACT 
Tivesten, Anna. Fluorogenic Labelling of Amino Acids and Peptides in Capillary 
Electrophoresis. Department of Analytical and Marine Chemistry, Göteborg University, S-
412 96 Göteborg, Sweden. 
General aspects of separation and fluorescence detection in CE are discussed and an overview 
of fluorogenic and fluorescent reagents for amino acids and peptides is given. 
Micellar electrokinetic chromatography (MEKC), using the anionic surfactant sodium 
dodecyl sulphate (SDS), was studied for separation of labelled D- and L-amino acids. Pre-
column derivatisation was performed using the chiral o-phthaldialdehyde/2,3,4,6-tetra-0-
acetyl-1-thio-ß-D-glucopyranose (OPA/TATG) reagent. The effect of added organic 
modifiers was characterised for the purpose of fine tuning the separation selectivity. High 
resolution of the derivatives of. the D- and L-form of the amino acids was obtained. A 
separation of 34 D,L-amino acids with only a few coelutions in less than five minutes was 
demonstrated. The study was extended in order to obtain a selective method for chiral 
determination of aspartic (asp) and glutamic acid (glu). For this purpose, a minimised 
retention window was created using a neutral surfactant, octylglucoside (OG). Due to the high 
electrophoretic mobility of asp and glu, they eluted outside the window, well separated from 
the other amino acids which were clustered within the retention window. The method was 
evaluated for determination of asp and glu in complex samples such as serum and urine. 
A novel method for chiral on-column derivatisation of amino acids in MEKC was 
developed. The reagent and a buffered sample were injected as two discrete plugs which were 
mixed during the electrophoretic process. In this way, the amino acids were labelled and 
separated in a single step. As chiral reagent, OPA was combined with one of four different 
chiral thiols, N-acetyl-L-cysteine (AC), N-acetyl-D-penicillamine (AP), N-isobutyryl-L-
cysteine (IBC) and TATG. The reaction kinetics, as well as the spectroscopic and 
chromatographic properties of the formed amino acid derivatives, were studied. It was found 
that while OPA/AC and OPA/IBC derivatives had the most favourable fluorescence 
characteristics, the OPA/TATG derivatives were better resolved in the SDS system examined. 
CE was used in a study of the photophysical and photochemical properties of the 
derivatives formed by the reaction of OPA/ß-mercaptoethanol (ßME) with amino acids and 
aliphatic a-peptides. It was found that the a-peptide derivatives had lower fluorescence 
quantum yields (Op) and higher photodestruction yields (Oc) than the amino acid derivatives. 
However, the thermal stability of the peptide derivatives was higher than for the amino acids. 
Approaches towards selective determination of either amino acids or peptides are suggested. 
A number of derivatives based on the well-known laser dye Nile Blue were 
synthesised and examined as visualising agents for indirect semiconductor laser-induced 
fluorescence (LIF) detection in CE. Their utility in different separation media, including non­
aqueous and micellar background electrolytes, was examined. LIF detection in narrow bore 
capillaries was demonstrated. 
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1. INTRODUCTION 
Amino acids and peptides 
Amino acids, in their free form or bound in proteins or peptides, play an 
essential role in all forms of biological life. One example is the neuroactive 
amino acids and peptides involved in different processes in the human brain 
(Mcllwain and Bachelard 1985). In order to understand such complex 
biochemical systems, powerful analytical tools are needed. Biological and 
physiological samples generally contain a large variety of compounds, often 
with low concentrations of the analytes of interest. Moreover, the amount of 
sample available can be limited and it is therefore important to be able to 
analyse very small sample volumes. One example is the analysis of single 
biological cells and their intracellular components' (Kennedy et al. 1989, Lee 
and Yeung 1992, Ewing 1993, Gilman and Ewing 1995, Chang and Yeung 
1995). Apart from the analysis of free amino acids and peptides, other 
important examples are protein determinations, amino acid sequencing and 
analysis of protein hydrolysates or enzyme digests (reviewed by Novotny 
1991). Another field of application is the determination of amino acids in food 
(Sarwar and Botting 1993, Brückner et al. 1995). 
Nature has evolved to be stereospecific and has predominantly chosen one of 
the two optical isomers (enantiomers) of the amino acid, the L-form. Free 
amino acids in an optical pure form strive towards equal concentrations Of th e 
D- and L-form by a first-order reaction. The process is called racemisation 
(Bada 1985). Protein bound amino acids also racemise, although the 
mechanisms involved are more complex. For example, racemisation of protein 
bound aspartic acid is known to occur (Bada 1984, Muraoka et al. 1991). 
Fragmentation of proteins can also generate racemisation of the amino acids 
next to the breaking bond. The D/L-ratio for the amino acids can be used as a 
measure of the age of a protein. For example, fossil materials such as bones and 
teeth have been examined for that purpose (see Meyer 1991 and references 
therein). Racemisation of protein bound amino acids might affect the three-
dimensional structure of the protein and thereby its biochemical function. There 
are studies suggesting that some of the brain dysfunctions related to human 
ageing processes are due to racemisation (Man et al. 1987). For example, an 
increasing amount of D-aspartic acid has been observed in human brain tissue 
in relation to ageing and some diseases (Man et al. 1987). 
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Capillary electrophoresis 
Electrophoresis has been widely used for decades for size-dependent separation 
of macromolecules. The separation has traditionally been performed in gels in a 
slab or tube format. The idea of using narrow capillaries is not very old. In 
1967, Hjertén first demonstrated free solution electrophoresis, as it was referred 
to initially, using capillaries with inner diameters of 3 mm. The past 15 years 
have brought an explosion in the development of capillary electrophoresis (CE) 
starting with the pioneering paper on modern CE by Jorgenson and Lukacs in 
1981. In this paper, the high separation efficiency obtained with a high field 
strength in a narrow capillary (less than 100 |lm ID) was demonstrated. Since 
then, many different modes of capillary electrophoresis have been developed. 
For example, micellar electrokinetic chromatography (MEKC), which made the 
separation of neutral compounds possible, was introduced by Terabe and co­
workers in 1984. For a large variety of compounds, CE serves as an alternative 
analytical separation technique to modern liquid chromatography (LC). 
Commonly, shorter analysis times and higher efficiencies, often two or three 
orders of magnitude compared to conventional LC, are provided by CE. 
Another advantage with CE is the small sample volume required. Nanolitres are 
commonly injected instead of microlitres so CE is well suited to the analysis of 
single biological cells. However, a prerequisite is that good detectability is 
maintained despite the small physical dimensions of the separation capillary. 
For example, when using absorbance detection in CE, the path length of the 
light will be extremely short (typically 50-75 |J,m) as a segment of the 
separation capillary is commonly used as a detection cell. Consequently, the 
small sample volumes could also be a limiting factor, i.e., when the 
concentrations of the analytes are low. Improvements in concentration limits of 
detection (CLOD) in CE can be obtained by the use of laser-induced 
fluorescence (LIF). With LIF detection, low nanomolar concentrations and 
ultimately picomolar concentrations (Wu and Dovichi 1989) can be detected. 
Objective 
The aim of this work has been to develop miniaturised separation methods 
suitable for determination of amino acids and small peptides. For this purpose 
different modes of capillary electrophoresis have been explored. Derivatisation 
for fluorescence detection has been examined in order to achieve low 
concentration detection limits as well as selectivity from other compound 
groups. In order to be able to perform separations of D- and L-amino acids, the 
utility of a number of chiral fluorogenic reagents has been investigated. In 
addition, derivatisation procedures and miniaturised detection have also been 
treated in these studies. 
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2. CAPILLARY ELECTROPHORESIS 
2.1 Introduction 
Electrophoretic separations are based on the differences in migration velocities 
of charged particles or molecules under the influence of an electric field in a 
conducting media (electrolyte). Capillary electrophoresis (CE) can be defined 
as electrophoretic separations performed in narrow capillaries (typically 50-75 
|xm ID and 30-100 cm long). The instrumental set-up used for capillary 
electrophoresis (schematically shown in Figure 1) consists of two buffer vials 
connected by the separation capillary that is filled with the separation medium, 
usually an aqueous buffer. An external voltage, typically 15-30 kV, is applied 
between two electrodes in contact with the buffer in the vials. Usually, the 
electrode at the detector end is grounded while a positive potential is applied to 
the electrode at the injection end. The electrode at the detection end will then 
act as a cathode. This mode is referred to as "normal polarity". If a negative 
potential is applied to the electrode on the injection end, the polarity mode is 
referred to as "reversed". The sample is introduced as a narrow volume segment 
(zone) at one end of the capillary and detection takes place near the other end. 
detector 
separation 
'capillary 
sample 
vial 
buffer 
vial 
buffer 
vial 
« 
Figure 1. Instrumental set-up used for capillary electrophoresis ( CE). 
A broader scope of CE, or a more detailed review of a specific part, than will be 
presented in this text, is given in a number of reference books and review 
articles. For example, the book by Altria (1996) titled "Capillary 
electrophoresis guidebook - principles, operation and applications" offers 
practical guidelines including troubleshooting and method validation. A 
detailed review of CE is presented in "Capillary electrophoresis - principles, 
practice and applications" by Li (1993) as well as in "Handbook of Capillary 
Electrophoresis", edited by Landers (1994). The general theory of separation 
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techniques, including chromatography and electrophoresis, is found in "Unified 
separation science" by Giddings (1991). 
Detection modes 
Detection can be performed in the direct as well as the indirect mode. The 
indirect response is a small perturbation on a large background signal. 
Generally, the detection limits for indirect detection are 1-2 orders of 
magnitude higher than for the corresponding detection in the direct mode. 
Indirect fluorescence detection is discussed in section 3.5. Several detection 
principles are being used in CE. When using optical detection principles, on-
column detection is commonly employed, i.e., the capillary itself serves as 
detection cell. Table I gives some representative figures on detection limits for 
detection in the direct mode. 
TABLE I Limits of detection (LOD) for some common detection principles in CE. 
detection type typical3 state of the art 
(M) (M) (moles) reference 
Absorption 
lamp-based 10"5-10"6 
Fluorescence 
lamp-based 10"7-10"8 
io-23-io22 laser-based 10 9-10'12 Haab and Mathies 1995 
Castro and Shera 1995 
Electrochemical 
Conductometric 10"5-10"7 
Amperometric 10"8-10"9 5xlO"10 lxlO"18 Lu et al 1993 
1 Albin et al. 1993 
As in LC, conventional UV-Vis absorption is most commonly employed in CE 
although it generally suffers from the short optical path length. The optical path 
length can be elongated by the use of special capillary designs such as bubble 
cells, Z-shaped cells (Chervet et al. 1991) or multireflection flow cells (Wang 
et al. 1991). Rectangular capillaries have also been shown to be advantageous, 
giving longer pathlengths at the same time as optical distortion, scattered light 
and Joule heating is minimised (Tsuda et al. 1990). UV-detectors with photo-
diode array facilities are useful tools for peak identification and peak purity 
assessments (Kobayashi et al. 1989, Beck et al. 1993). Fluorescence, further 
discussed in chapter 3, and electrochemical detection (Ewing et al. 1994) offer 
major improvements in detectability compared to absorption and are of great 
interest for many CE applications. Interfacing CE to mass spectrometers is 
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another important field where great progress is being made. In the last few 
years the use of various ionisation techniques, such as electrospray, ion spray 
and fast atom bombardment (FAB), have been successfully demonstrated 
together with CE (Cai and Henion 1995; review). 
Samvle introduction 
The introduction of a sample can be made in two ways in CE, either by 
hydrodynamic injection or by electrokinetic injection. Hydrodynamic injection 
is the method most widely used. It can be accomplished by the application of 
pressure at the injection end of the capillary, a vacuum at the detection end or 
by siphoning action obtained by elevating the injection reservoir. Electrokinetic 
injection is performed by applying a voltage over the capillary with the 
injection end of the capillary placed in the sample vial. The analyte ions will 
then migrate into the capillary. A schematic description of the different 
injection methods can be seen in Figure 2. 
HYDRODYNAMIC ELECTROKINETIC 
pressure 
sample buffer 
voltage 
buffer 
a 
sample buffer 
a 
sample 
elevation 
izl 
buffer 
Figure 2. Principles for the different injection methods. 
The main advantage with hydrodynamic injection is that the hydrodynamically 
injected sample is representative of the original sample. Electrokinetic 
injection, on the other hand, discriminates against ions with lower net 
mobilities. The amount of sample loaded onto the capillary is also dependent 
on the analyte concentration and the electroosmotic mobility. Sample matrix 
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variations that lead to differences in conductivity affect the amount of analyte 
injected. Due to these phenomena, hydrodynamic injection is often preferred 
although it contributes to zone broadening to a greater extent than 
electrokinetic injection. 
The volume of sample loaded onto the capillary, Vs, using hydrodynamic 
injection can be calculated by the Hagen-Poiseuille equation; 
V s = A  
8 r| Z, V 7 
The pressure drop over the capillary, AP, the internal radius of the capillary, r, 
injection time, t, buffer viscosity, r|, and the total length of the capillary, L, are 
needed for the calculation. When using siphoning injection, the pressure drop, 
AP, can be calculated from the buffer density, p, the gravitational constant, g, 
and the height differential of the reservoirs, Ah, according to Equation 2. 
A P  =  p g A h  (2) 
The quantity injected, Q, when using electrokinetic injection, is given by 
Equation 3. The mobility of the electroosmotic flow, 1j, , and the electro-
phoretic mob ility of the ana lyte, |i , is needed as well as the volta ge, V , 
ep 
capillary radius, r, analyte concentration, C, injection time, t, and the total 
length of the capillary, L. 
Q _ { \ L e o  +  \ L e p ) - V - K - r 2 - C - t  ( 3 )  
Loadabilitv 
For all separation systems, the volume and/or amount of sample that can be 
injected into the system is limited by loss in efficiency. The term "loadability" 
is often used for expressing the maximum amount of sample that can be 
introduced into a separation system. Generally, there is a limit for the sample 
volume as well as the sample concentration. When this limit is exceeded, the 
system is "overloaded". As a general rule with respect to the sample volume in 
CE, the length of the injected plug should be less than 1-2 % of the total length 
of the capillary. For a 50 cm capillary with an inner diameter of 50 |im this 
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corresponds to a maximum plug length of 5-10 mm or a maximum injection 
volume of 10-20 nl. 
Besides labelling of analyte molecules, detectability in CE can be improved by 
different types of on-capillary concentration. "Stacking" is a way to concentrate 
charged analytes on-column using field amplification (Chien and Burgi 1992, 
Li 1993). Hydrodynamic injection of a sample with lower conductivity than the 
background electrolyte will result in a local increase in the electric field 
strength in the sample as soon as the separation voltage is applied. The stacking 
occurs as the analytes migrate faster within the sample plug making the analyte 
zone narrower. By stacking, injection of larger sample volumes can be made 
possible and detectability is thereby improved. As a "rule of thumb", optimum 
conditions for sample stacking can be achieved by preparing the sample in a 
buffer at a concentration about 10 times less than that of the electrophoretic 
medium (Burgi and Chien 1991). An indirect way to perform stacking of 
neutral compounds in MEKC, by stacking of the micelles, has been presented 
by Liu et al. (1994). The same principle has been utilised in paper III in order 
to reduce the zone broadening during on-column derivatisation in MEKC. 
Capillary isotachophoresis (CITP), briefly described in section 2.6, is a 
concentration technique that enables injections of large sample volumes. 
Injection volumes up to a few microlitres, i.e., over 50% of the capillary 
volume, have been demonstrated without any serious loss in efficiency (Foret et 
al. 1992, Reinhoud et al. 1993, Larsson and Någård 1994, Hirokawa and Kiso 
1994) using CITP in combination with CE. Besides CITP, various 
concentration techniques have been demonstrated on-line with CE, including 
solid-phase and membrane pre-concentration (Tomlinson et al. 1996, review). 
2.2 Electrophoretic mobility 
The difference in migration velocity of different ions arises from differences in 
their electrophoretic mobility, \lep, defined as in Equation 4 below where v 
denotes the velocity and E the electrical field strength. 
7 
Electrophoretic mobility depends on the effective charge, shape and 
hydrodynamic size of the ion as well as the viscosity of the separation media. 
Electrolyte properties such as ionic strength, pH and dielectric constant, 
therefore play an important role and are further discussed in section 2.3. For 
example, a spherical molecule, (i), located in an electric field will be affected 
by two major forces; the electrostatic force and the viscous force. The 
electrostatic force is given in Equation 5 and the viscous force according to 
Stoke's law in Equation 6. The effective charge of the molecule is denoted by 
q., and r, is the effective radius. The viscosity of the separation medium is t|. 
F electrostatic — E ' Qi 
Fviscous = —6 • 71 ' T) • Ti • Vep(i) 
For a molecule migrating with a constant velocity, these forces will be equal in 
size and opposite in direction. Equation 4, together with the combination of 
Equations 5 and 6 {Pelectrostatic = -FviscoJ> gives the following expression for the 
electrophoretic mobility; 
V-ep(l> - T — (7) 
6 K ti r, 
2.3 Electroosmotic flow 
Commonly CE capillaries are made of "fused silica" which is synthetic quartz 
(SiC>2) o f high purity. The concentration of metal impurities is usually lower 
than 1 ppm. On the surface of this material the silica is partially hydroxylated 
(Unger 1979) which leads to the formation of silanol groups (-Si-OH). In a 
capillary filled with an aqueous medium, the silanol groups on the inner surface 
of the capillary will give rise to negative charges (-Si-0~) as they are 
deprotonated. The degree of deprotonation of the silanol groups is, of course, 
dependent on the pH (Unger 1979). The negative charges on the capillary walls 
attract positive ions in the buffer and an electrical double-layer forms 
(schematically shown in Figure 3). 
According to Stern's theory from 1924 (Shaw 1980), the electrical double-layer 
can be regarded as two regions; an inner region which may include adsorbed 
ions, and a diffuse region in which ions are distributed according to the 
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influence of electrical forces and random thermal motion (Figure 3). When an 
electric field is applied, the cations in the diffuse layer start to move towards 
the cathode and drag the solvent molecules in the same direction. Due to the 
fact that the electroosmotic flow (EOF) originates from the capillary wall, the 
flow profile will be almost flat. In pressure-driven systems, as in liquid 
chromatography, the flow has a parabolic profile and therefore causes band 
broadening to a higher extent than with the electroosmotic flow as the driving 
force. The electroosmotic mobility, }xeo, is defined in analogy to the electro-
phoretic mobility, \iep, as shown in Equation 4. 
difiuse layer 
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Figure 3. Schematics of an electric double-layer according to Stern. 
As can be seen in Figure 3, the central plane of the Stern layer close to the 
capillary wall is referred to as the Stern plane. The potential between the Stern 
plane and the bulk solution is defined as the zeta potential. The zeta potential, 
denoted Ç, is given by the Helmholtz equation shown below in Equation 8 
where e is the dielectric constant of the separation medium. Consequently, the 
electroosmotic mobility, \leo, can also be expressed as a shown in Equation 9. 
c  =  4-71 T| • H IXeo — e -Ço 
4-K r\ 
(8,9) 
As can be seen from Equation 9, the electroosmotic flow will be affected by the 
properties of the separation medium such as dielectric constant and viscosity. 
The EOF will also be influenced by pH and ionic strength. A higher ionic 
strength will result in a lower zeta potential and thereby a lower electroosmotic 
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mobility. Slight changes in pH or buffer composition may have a large effect on 
the charge density of the wall and thereby change the electroosmotic flow. 
Buffer additives such as organic solvents and surfactants will also affect the 
zeta potential. The electrophoretic mobility of the ions is affected by the same 
parameters and can be expressed in an equation analogous to Equation 9. This 
is due to the fact that the ions are surrounded by a solvent shell with similar 
properties to the electric double-layer on the capillary walls. A higher ionic 
strength will result in a lower zeta potential in the solvent shell. The degree of 
ionisation of the solute and thereby the mobility will also be affected by pH. 
In a system where there is an electroosmotic flow towards the cathode 
(detection end), an ion will have a net mobility, (I, which is the sum of the 
electrophoretic mobility, |Xep, of the ion and the osmotic mobility, \leg. Neutral 
species that have no electrophoretic mobility will travel at the same velocity as 
the electroosmotic flow. Cation velocities will be higher and anion velocities 
lower (Figure 4). 
The electroosmotic flow plays an important role in the electrophoretic 
separation, for example when separating anions at normal polarity as in Figure 
4, but there are also occasions when the electroosmotic flow is unfavourable 
and has to be minimised. For example, if reversed polarity, i.e., negative 
polarity, is used when separating anionic substances, the electroosmotic flow 
will be reversed. It is therefore important to be able to control the velocity of 
the electroosmotic flow, otherwise the solutes may never reach the detector. 
When separating cations the problem is often adsorption of solutes to the 
capillary walls. This effect can be suppressed by using a separation buffer that 
will protonate the silanol groups to a higher extent, i.e., a low pH. 
Alternatively, buffer additives or coated capillaries, that deactivate the silanol 
groups, can be used. Coated capillaries are often employed for the separation of 
large molecules with a high density of positive charges, as for example 
proteins. There is a great variety of materials used for coating capillaries (Li 
1993), usually different types of polymers such as Polyacrylamide (Hjertén and 
Kiessling-Johansson 1991) or polyethylene glycol (Bruin et al. 1989). By 
coating, the capillary inner surface can be made neutral. The adsorption due to 
electrostatic forces will then be minimised and there will be no electroosmotic 
flow. The capillary surface can also be made positively charged by using 
various buffer additives or a cationic coating material, i.e., if a reversed 
electroosmotic flow (towards the anode) is desired. 
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Figure 4. Electrophoretic mobilities and net mobilities of molecules of different charge in a 
CE system with an electroosmotic flow. 
2.4 Zone broadening 
The separation system 
One advantage of capillary electrophoresis is the high efficiency that is 
obtained. Plate numbers up to a few hundred thousands are typical in practical 
work. Despite this high separation efficiency, broadening of the analyte zones 
within the separation capillary occurs. In the same way as in other separation 
techniques, the total band broadening, or zone broadening in CE, can be seen as 
the sum of the different contributions, expressed as peak variances, a2. 
(10) 
In capillary electrophoresis the main contributions to zone broadening arise 
from injection and detection, longitudinal diffusion, temperature gradients and 
adsorption to the capillary wall. The zone broadening contributions from 
injection, ainj, and detection, Oje„ can be expressed as follows assuming 
Gaussian peak shapes and no other effects from the conductivities of the 
sample or the separation buffer. In the equations below the contributions are 
expressed as functions of length, L. Linj is the length of the injected sample plug 
whereas Ldet denotes the length of the detection "cell". 
c 2  . = —  L 2  a l .  =  —  • ! ? . .  (11,12) 
tnj -^2 inJ det 22 da \ > / 
i i  
The longitudinal diffusion, ödif, is dependent on the diffusion coefficient of the 
analyte, D, and the time passed after injection into the capillary, t.  
c dif — I'D-t (13) 
During electrophoresis heat is generated by the passage of the electric current 
through the capillary. The heat is produced homogeneously in the solution, 
while it can dissipate only through the capillary wall. A temperature gradient is 
formed causing the separation medium to be less viscous in the centre of the 
capillary. The analytes will therefore move faster in the centre of the capillary 
than near the capillary walls. This effect is counteracted by the radial diffusion 
of the analytes in the capillary. Analytes near the capillary wall can diffuse to 
the centre and thereby catch up with the zone. To minimise the zone 
broadening due to heat gradients, heat dissipation should be maximised. For 
polyimide coated fused-silica capillaries this is achieved using as large an outer 
diameter to inner diameter ratio as possible. Thermostatting of the capillary is 
another important tool to minimise heat gradients. The zone broadening 
contribution of temperature gradients, Gtg, is given in Equation 14. The 
conductivity of the separation medium is denoted by y, dc is the inner diameter 
of the capillary, f, the migration time of the analyte and A: is a specific constant 
for the system used. 
D 
• E6 • t; (14) 
Quantitative treatment of the different band broadening processes is not trivial. 
In particular, this is true for complex processes like adsorption to the capillary 
wall. Any negative effect of adsorption must be minimised while optimising a 
specific separation. However, as a qualitative model the expressions for the 
different zone broadening processes (Equations 8-11) are very useful. For each 
experimental set-up (capillary dimensions, buffer composition etc.) an optimum 
field strength exists, at which the height of a theoretical plate, H, for a specific 
analyte is at a minimum (Figure 5). A minimum in H is equal to a maximum in 
the number of theoretical plates, N, as they are inversely related to each other 
(N=L / H, where L is the length of the capillary). 
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Figure 5. Height of a theoretical plate (H) versus field strength (E). The different 
contributions to H are also shown. 
Effects caused by sample matrix and/or overloading 
In CE, a higher ionic strength in the sample than in the separation buffer will 
give rise to zone broadening. A similar phenomenon is observed in liquid 
chromatography when the elution strength of the sample is higher than in the 
mobile phase. High analyte concentrations will give non-ideal behaviour, that 
leads to distorted peaks, caused by differences in the mobilities of the analytes 
and background electrolyte. A central theme in this discussion is the 
Kolrausch's regulating function (Bruin et al. 1992). The Kolrausch function 
states that the sum of the ratios between concentration and mobility of all ionic 
compounds in the solution is constant. This sum is denoted GO. 
C X (—) = (0 = constant (15) 
' 
During electrophoresis, (0 will remain constant in each volume segment within 
the separation capillary. Differences in (0 can only be introduced by non-
electrophoretic processes, for example when a sample is injected. As a 
consequence of Kolrausch's regulating function, zone broadening occurs when 
the conductivity of the sample is higher than that of the separation buffer. In the 
opposite case, zone sharpening occurs. When the sample zone has a higher 
mobility than the separation buffer, the leading edge of the solute zone will be 
diffuse and the end of the zone will be sharp. Conversely, when the sample 
zone has a lower mobility than the separation buffer, the leading edge will be 
sharp and the end of the zone diffuse. These phenomena increase with the 
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concentration of the analyte. When the mobilities are equal, no peak distortion 
will occur. The same is true for neutral species that have no mobility. 
2.5 Quantitative aspects 
Being a young technique, capillary electrophoresis has suffered from some 
"children's diseases". One of the drawbacks with CE, compared to LC, has 
been the precision. CE is, however, a fast developing technique and 
improvements are continuously being made. Today, peak area precision of 1-2 
% RSD or better can be routinely obtained under controlled conditions with 
commercial instruments (Altria 1996, Altria et al. 1993, Wätzig and Dette 
1993). There are many factors contributing to variations in peak area. The most 
important are temperature variations, sample adsorption and variations in 
injected sample volume. Of course the latter contribution will be minimised by 
the use of an internal standard (Dose and Guichon 1991). Peak height is 
generally not as useful as peak area for quantitative analysis. Sample matrix 
dependent effects like peak distortion and "stacking" will contribute to 
variations in peak height but generally not in peak area. When using on-column 
detection, such as UV or fluorescence, there is another important distinction 
between CE and LC. In chromatography, all analytes pass the detector with the 
same velocity, i.e., the flow velocity of the mobile phase, whereas in CE the 
analytes have different velocities due to their different net mobilities. For 
example, when using absorption detection in CE, substances of the same 
concentration and molar absorptivity will give rise to different peak areas 
depending on their migration time. Slower migration velocity will result in 
larger peak area due to longer residence time in the detector region. Therefore, 
variations in migration time will also contribute to variations in peak area. 
Normalisation of the peak area with respect to the migration time, when using 
hydrodynamic injection, will therefore lead to improved precision (Ackermans 
et al. 1991, Altria 1993). When using electrokinetic injection additional 
correction with respect to analyte discrimination is usually needed. However, it 
has been shown that these two corrections are inversely proportional to each 
other (van der Moolen et al. 1996) hence no correction of peak area is needed, 
provided that the sample has the same pH and conductivity as the buffer. 
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2.6 Different modes of capillary electrophoresis (CE) 
There are many different modes of capillary electrophoresis which can be 
grouped into a number of main categories. The most common modes are 
described briefly below. 
Capillary zone electrovhoresis (CZE) 
CZE is the most widely used mode where the electrophoretic separation takes 
place in a free solution, usually an aqueous buffer. Because CZE is not the only 
"zonal" technique, "free solution capillary electrophoresis" might be a more 
suitable name. CZE separations can also be performed using organic solvents 
instead of water. Such non-aqueous .media are discussed in section 2.8. 
Micellar electrokinetic chromatography (MEKC) 
MEKC is a mode of CE that uses micelle forming surfactants in the separation 
buffer. The micelles in the solution acts as a "pseudo-stationary phase". This 
mode can be used for the separation of charged and uncharged analytes with a 
wide range of hydrophilic and hydrophobic characteristics. MEKC can be seen 
as a hybrid between capillary electrophoresis and liquid chromatography, since 
the distribution of the analytes between the micellar and liquid phase has 
mechanistic similarities with the phase distribution in partition liquid 
chromatography. MEKC is discussed in more detail in section 2.7. 
Capillary electrochromatoeravhy (CEC) 
Capillaries, filled with chromatographic packing material, are used in CEC 
(Dittmann and Rozing 1996). As with MEKC, CEC can be seen as a hybrid 
between LC and CE. 
Capillary eel electrophoresis (CGE) 
In the CGE mode, the separation is performed in a gel filled capillary. Effective 
separation according to size and charge is achieved as the gel acts as a 
"molecular sieve". Gel electrophoresis is mostly applied to the separation of 
large biomolecules, such as proteins and nucleic acids. 
Capillary isotachophoresis (CITP) 
CITP is a mode of capillary electrophoresis performed in a discontinuous buffer 
system, i.e., buffers with different ionic mobility. A steady-state migration 
configuration of consecutive sample zones, a "moving boundary", is formed 
between the leading buffer and the terminating buffer. According to 
Kolrausch's regulating function (earlier described in section 2.4), a constant 
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ratio must exist between the concentration and the mobility of the ions in each 
zone. This will lead to varying degrees of concentration of the different sample 
analytes. CITP can be used as a pre-concentrating step prior to another 
separation mode of capillary electrophoresis, for example CZE. Injection of 
larger volumes will thereby be possible. This is of course a great advantage for 
samples where the analytes are present at low concentrations and the 
concentration limit of detection (CLOD) would otherwise have been too poor. 
Capillary isoelectric focusing (CIEF) 
CIEF is a "focusing" technique where substances are separated with high 
resolution on the basis of their isoelectric points (pi values). CIEF is often 
employed on biomolecules, for example mixtures of proteins with similar 
structure. In CIEF a pH gradient is formed within the capillary using 
ampholytes. With a basic solution at the cathode and an acidic solution at the 
anode, upon application of the electric field the charged ampholytes and 
proteins migrate through the medium until they reach a region where they 
become uncharged, i.e., at their pi. 
2.7 Micellar electrokinetic chromatography (MEKC) 
Surfactants are known to form organised aggregates in aqueous solutions when 
the concentration of the surfactant reaches a sufficiently high level. These 
aggregates are called micelles and the concentration is referred to as the 
"critical micelle concentration" (CMC). The CMC for a particular surfactant 
mainly depends on the structure of the hydrophobic chain and the solution 
temperature (Shaw 1980). For ionic surfactants, addition of simple salts to the 
solution will also affect CMC. Micelles can appear in different structures, but 
the spherical shape shown below is the most common (Shaw 1980). 
Figure 6. Schematics of a spherical micelle organised from an anionic surfactant in an 
aqueous solution. The hydrophobic carbon chains are drawn towards the centre 
of the sphere while the polar groups are orientated towards the sphere surface. 
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Principles of MEKC séparations 
The use of micelles in capillary electrophoresis was introduced by Terabe and 
co-workers (Terabe et al. 1984) and led to an important development of the 
technique. Neutral compounds could now also be separated. The analyte 
molecules are distributed between the aqueous buffer phase and the micellar 
"pseudo-stationary" phase according to their hydrophobic/hydrophilic 
properties. The charged micelles, if they are anionic, have a relatively large 
electrophoretic mobility towards the anode. The electrophoretic mobility of the 
anionic micelles is counteracted by the electroosmotic mobility. If the 
electroosmotic mobility is higher, the anionic micelles have a net mobility 
towards the cathode. For the analyte molecules a "retention window" is thereby 
created (paper I). The size of this window is restrained by the hold-up time for 
the electroosmotic flow, t(), and the migration time for the micelles, tMC The 
retention time, tR, of neutral analyte molecules is within this window and the 
position depends on the degree of distribution to the micellar phase. 
•» time 
Figure 7. Separation mechanism in micellar electrokinetic chromatography (MEKC) 
yielding a model electropherogram where t0, tR and tMc de note the retention times 
for analytes (A) that are not distributed, partially distributed and completely 
distributed to the micelles, respectively. The net mobility of the micelles, (iMC, is 
determined by the electrophoretic mobility of the micelles, |LEP,MC, and the mobility 
of the electroosmotic flow, \leo. 
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Although unusual, there are some cases when charged analytes can have a 
migration time "outside" the window (paper II), for example very hydrophilic 
charged compounds with a net mobility higher than the EOF. 
The capacity factor, in MEKC denoted is defined as (Terabe et al. 1984); 
*-= (16) 
IMC 
This equation, valid for neutral compounds, is slightly different from its 
counterpart in chromatography due to the fact that the "pseudo-stationary" 
phase in MEKC is moving. For charged analytes, the electrophoretic mobility 
must also be considere d when calcula ting k\ or alterna tively, "effectiv e" k'-
values can be calculated from Equation 16 (Knox 1994). The selectivity factor, 
a, is defined as in chromatography; 
(17) 
k i 
The expression for resolution, Rs, is also analogous to that used in chromato­
graphy and is given as; 
=  (o - l )  " - Q  
4 a (1 + *'3) (1 + (A.r;)) 
tMC 
Zone broadening in MEKC 
In addition to the general contributions to zone broadening in CE, the processes 
where the micelles are involved will give rise to some additional contributions 
(Li 1993). Intermicelle mass transfer in the aqueous phase will occur. The 
sorption-desorption kinetics in micellar solubilisation will also contribute to 
zone broadening. Sepaniak and Cole (1987) used 7-chloro-4-nitrobenz-1,1,3-
oxadiazole (NBD)-derivatised amines to examine factors contributing to zone 
broadening in MEKC. Theoretical expressions for each of these individual 
contributions to the plate height have also been derived (Terabe et al. 1989). 
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Different types of surfactants 
Surfactants used in MEKC can either be positively charged (paper VI), 
negatively charged (paper I, III and IV), zwitterionic or neutral (paper II). 
Chiral surfactants can be used in order to obtain chiral separations in MEKC. 
Some examples are given in Table II. The use of cationic surfactants leads to a 
reversal of the electroosmotic flow as the cationic monomers modify the wall of 
an untreated fused-silica capillary. For example, a MEKC system based on the 
cationic surfactant cetyltrimethylammonium chloride, CTAC, was used in 
paper VI for the separation of cationic dye compounds. 
TABLE II Examples of different types of surfactants used in MEKC. 
surfactant CMC3 structure 
(mM) 
Anionic. 
sodium decyl sulphate 
sodium dodecyl sulphate (SDS) 
sodium tetradecyl sulphate (STS) 
sodium dodecyl sulphonate 
CH3(CH2)ç>0S03" Na+  
8.1 CH3(CH2)ii0S03"Na+ 
2.1 CH3(CH2)i30S03Na+ 
7.2 CH3(CH2)nS03"Na+ 
Cationic. 
dodecyltrimethylammonium chloride (DTAC) 
dodecyltrimethylammonium bromide (DTAB) 
cetyltrimethylammonium chloride (CTAC) 
cetyltrimethylammonium bromide (CTAB) 
20 CH3(CH2)nN+(CH3)3Cr 
15 CH3(CH2)IIN+(CH3)3Br" 
1.3 CH3(CH2)15N+(CH3)3CR 
0.9 CH3(CH2)I5N+(CH3)3Bf 
Zwitterionic. 
(3-[(3-cholamidopropyl)-dimethylammonio]-l- 6-10 
propanesulfonate (CHAPS) 
Neutral. 
octylglucoside 24 CH3(CH2)7-0-C6H705 
polyoxyethylene (4) dodecyl ether (Brij 30) 0.004 CH3(CH2)n-0-(CH2-CH2-0)4-H 
Chiral surfactants. 
sodium-N-dodecanoyl-L-valinate (SDVal) 6.2 
bile salts (cholates and taurocholates) 
saponins (for example digitonin, glycyrrhizic acid, and ß-escin) 
a in pure water 
The hydrophobic chain of alkyl chain surfactants usually contains 10-20 carbon 
atoms. Sodium dodecyl sulphate, SDS, is a frequently used anionic surfactant 
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(paper I, III, IV). At 25°C, the CMC for SDS in water is ~8 mM. However, in 
ionic media CMC decreases. Table III shows how CMC for SDS changes with 
the salt concentration. The SDS micelles contain around 60 molecules. Micelles 
have very short lifetimes, typically 10 |ns (Li 1993). Therefore, the micellar 
"pseudo-stationary phase" in MEKC must be seen as dynamic compared to the 
covalently bonded stationary phases used in reversed-phase LC. 
TABLE IIIa CMC of SDS in aqueous sodium chloride solutions at 25° C. 
concentration NaCl (M) 0 0.01 0.03 0.1 0.3 
CMC (mM) 8.1 5.6 3.1 1.5 0.7 
"data from Shaw 1980 
Optimisation of resolution in MEKC separations 
Apart from efficiency, capacity and selectivity (Equation 18), the resolution in 
MEKC is governed by the elution range (retention window). The size of the 
retention window is usually measured as the ratio tMC/t0• The maximum number 
of peaks that can theoretically be resolved, i.e., the peak capacity, is also 
dependent on the size of the retention window. The elution range can be 
extended by lowering the osmotic mobility (|J.go) and/or increasing the electro-
phoretic mobility of the micelles (\iep MC) (Balchunas and Sepaniak 1987). The 
buffer composition (pH, ionic strength, additives etc.) is important here as well 
as the charge density and other chemical properties of the capillary wall. 
Capacity factors are easily optimised in MEKC by changing the phase ratio, 
i.e., changing the surfactant concentration. Changes in the structure and chain 
length of the surfactants will have a large effect on the physical and chemical 
properties of the micelles and often result in changes in selectivity (Yang and 
Khaledi 1995, Yang et al. 1996). Mixed surfactant systems can be used in order 
to optimise the selectivity (Rundlett and Armstrong 1995, Bumgarner and 
Khaledi 1996) and can also be an effective tool for extending the elution range 
(Ahuja et al. 1995). Buffer additives, such as organic solvents, that affect the 
solute-micelle interaction can also be used for tuning the selectivity (paper I). 
Methanol, acetonitrile and isopropanol are commonly used organic modifiers. 
The capacity factor, k', can also be influenced by the buffer composition (pH, 
ionic strength etc.). Chiral selectivity in MEKC can be obtained by using chiral 
surfactants, in the form of pure or mixed micelles, or by using different chiral 
buffer additives, such as cyclodextrins (Ueda et al. 1992). Chiral separations in 
MEKC have been reviewed by Otsuka and Terabe (1993) and Terabe et al. 
(1994). 
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Several groups have contributed to the theoretical framework for optimisation 
of the resolution in MEKC (for example Foley 1990, Powell and Sepaniak 
1990, Vindevogel and Sandra 1991, Rasmussen et al. 1991, Khaledi et al. 
1991). Most of this work deals with neutral compounds although optimisation 
of resolution of charged compounds in MEKC also has been considered 
(Strasters and Khaledi 1991, Khaledi et al. 1991, Mazzeo et al. 1994+1995, 
Quang et al. 1994). The work by Foley (1990) focused on the optimisation of 
surfactant concentration, being the most important variable, for maximum 
resolution and resolution per unit time. In MEKC, as in chromatography, there 
is a trade-off between resolution and analysis time which becomes more 
evident with complex samples which contain many compounds. As in 
chromatography, the peak capacity becomes a limiting factor for the analysis of 
complex samples. An important aspect here, as pointed out in paper I, is the 
utilisation of the retention window, referred to as the micellar retention window 
(MRW=fMC//0). The MRW should generally be as large as possible. However, 
in most applications only a small part of the MRW is utilised. In paper I, we 
introduced the term derivative retention window (DRW=tiast/tfirst), determined 
by the retention times for the first-eluting and last-eluting peaks, respectively. 
In order to optimise the separation of a complex sample, it is important that the 
size of the DRW is as large as possible. This fact is exemplified in Figure 8, 
where a set of six amino acid derivatives are separated in a MEKC system 
using two different OPA/chiral thiol reagents, OPA/TATG and OPA/isobutyryl 
cysteine (IBC) (for details see paper IV). The six amino acids were chosen so 
that they would represent the whole range of the protein amino acids with 
respect to hydrophilic/hydrophobic characteristics (paper I). As can be seen 
from Figure 8, the OPA/TATG-derivatised amino acids are well distributed 
over a major part of the MRW. The OPA/IBC derivatives, on the other hand, 
migrate within a small time frame which leads to many coelutions. This 
indicates that the OPA/TATG reagent is more useful for MEKC separations of 
the protein amino acids than OPA/IBC. This is certainly true for the SDS 
surfactant used here (paper IV) although it might be possible to find another 
surfactant system more suitable for the OPA/IBC reagent. One way to improve 
the resolution for the OPA/IBC derivatives in the SDS system, however, is to 
increase the SDS concentration as demonstrated by Kang and Buck (1992) for 
OPA/Boc cysteine derivatives. Still, only a small part of the MRW will be 
utilised (paper IV). Very high surfactant concentration can also give negative 
effects, like current increase and band broadening. It is important to note here 
that OPA/IBC derivatives have previously been succesfully separated in 
reversed-phase LC (Brückner et al. 1989). It can be concluded that there is a 
need for further knowledge of how to choose and design surfactants and 
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reagents that give optimal resolution for a given set of derivatives in MEKC. 
Indeed, the complexity of optimising MEKC separations is further seen in 
paper II where the analytes of interest was made to migrate outside the MRW. 
5 10 15 
time (minutes) 
Figure 8. MEKC separation, under the same conditions, of a set of six amino acids 
derivatised with the OPA/TATG (lower) or OPA/IBC reagent (upper), respectively. 
Arrows marks the retention window, t0 and tMc (for details see paper IV). 
In general, MEKC has some distinct advantages compared to gradient LC. 
First, a similar resolution can be obtained in a much shorter time (see paper I). 
Second, very hydrophobic compounds may be highly retained in the LC 
column and thus require extensive washing to be eluted. In MEKC, however, 
the most hydrophobic compounds are solubilised by the micelles and therefore 
elute at a specified time, i.e., t Me­
in paper II a method for the determination of D,L- aspartic and glutamic acid 
labelled with OPA/TATG was developed. Instead of optimising the separation 
within the retention window as described above, selectivity was obtained over 
other amino acids by using a neutral surfactant, octylglucoside (OG), which 
minimised the retention window. Moreover, because asp and glu contains two 
carboxylic acid functional groups, they have a higher electrophoretic mobility 
and thus migrates outside the retention window. Notably, the D- and L-forms of 
asp and glu cannot be fully resolved in an aqueous buffer system so the 
presence of micelles is necessary. Cai and El Rassi (1992) have earlier 
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described how the charge density of the OG micelles, and thereby the size of 
the retention window, can be tuned in a borate buffer by varying pH. This 
interesting feature is due to the borate complexation that occurs at alkaline pH. 
However, in our case, using a phosphate buffer of pH 6, the net charge of the 
OG micelles was close to zero. As shown in Figure 9, the derivatives from asp 
and glu are fully resolved and well separated from the other protein amino acids 
and excess of reagent, which are clustered within, or close to, the retention 
window. D-amino adipic acid (D-aad) is used as an internal standard. 
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Figure 9. Separation of OPA/TATG labelled D- and L-asp and glu using MEKC with a 
neutral surfactant. The other protein amino acids and the reagent are clustered, 
within the minimised retention window (for details see paper II). 
For optimisation of resolution in a specific buffer system, as well as for method 
validation, chemometric experimental designs can be useful tools. Several 
experimental designs have been used for optimisation of MEKC separations of 
which only a few examples are given here. Vindevogel and Sandra (1991) used 
the Plackett-Burman statistical design for the separation of testosterone esters 
in MEKC. The overlapping resolution mapping (ORM) scheme has been used 
for dinitrophenyl derivatised amino acids (Yik and Li 1993) and the separation 
of phenylthiohydantoin amino acids has been optimised by the use of a simplex 
design (Castagnola et al. 1993). Quang et al. (1994) demonstrated that the 
migration behaviour of ionisable analytes in a MEKC system could be 
predicted and subsequently optimised. 
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2.8 Non-aqueous capillary electrophoresis (NACE) 
Apart from various types of aqueous separation media, electrophoretic 
separations can also be performed in organic solvents. Pure organic solvents or 
mixtures, sometimes including water, can be employed after addition of 
suitable electrolytes. The use of such buffers in classical electrophoresis has 
been reviewed by Korchemnaya et al. (1978). Walbroehl and Jorgenson (1984) 
were the first to report a CE separation in a totally non-aqueous medium. They 
showed a separation of two geometrical isomers, quinoline and isoquinoline, in 
an electrolyte based on acetonitrile. Non-aqueous capillary electrophoresis 
(NACE) further extends the prospects of CE (Sahota and Khaledi 1994, Hansen 
et al. 1996). A wider range of compounds can be separated, including those that 
are less soluble in water. For example, micelle-forming surfactants that in 
aqueous buffers also interact strongly with the capillary walls can be separated 
(Salimi-Moosavi and Cassidy 1996, Lin et al. 1996). Several applications on 
drug compounds have also been shown (Leung et al. 1996, Tj0rnelund and 
Hansen 1996, Bj0rnssdottir and Hansen 1996). As in aqueous CE, various 
chiral selectors can be employed in NACE. Chiral separation of amino acid 
derivatives using cyclodextrins (Valkö et al. 1996) or quinine (Stalcup and 
Gahm 1996) as the chiral selector has been demonstrated. A major advantage 
with NACE is the high separation selectivity that can be obtained between 
closely related compounds with very similar electrophoretic mobility in water, 
as for the previous example of quinoline and isoquinoline. This is due to the 
fact that smaller differences between analytes are generally more apparent 
when dissolved in organic solvents compared to water (Hansen et al. 1996). 
Large differences in selectivity are obtained in different organic solvents. Non­
aqueous CE buffers are also well suited to on-line CE-MS applications where 
buffers with many additives may cause problems (Tomlinson et al. 1995). 
Solvent properties 
As pointed out earlier in section 2.3, the dielectric constant (e) and viscosity (r|) 
are two important solvent properties that affect the net mobility of the analyte. 
High mobilities are obtained with high ratios between the dielectric constant 
and the viscosity (e/t|). Preferably, the solvent should also have high 
solubilising power for the analytes of interest, low conductivity and low 
volatility (Hansen et al. 1996). N-methylformamide (NMF) was first suggested 
by Jansson and Roeraade (1995) as a favourable solvent to use as a separation 
medium in CE. NMF was also found to be very well suited to separating the 
cationic dye compounds examined in paper VI, where fast separations and 
high efficiencies were obtained using pure NMF (Figure 10). 
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Figure 10. Separation of Nile Blue derivatives in pure NMF (for details see paper VI). 
Table IV list selected properties of NMF and some other solvents of interest for 
NACE applications. As can be seen from Table IV, acetonitrile is another 
solvent with attractive properties (Hansen et al. 1996). However, acetonitrile 
did not work well for the application in paper VI, one of the reasons being that 
acetonitrile was a poor solvent for these analytes. 
TABLE IVa Physical chemical properties of solvents used in NACE. 
solvent e T1 e/r| dipole pKauto boiling 
(25°C) (cP, 25°C) moment (D) point (°C) 
Water 78.5 0.89 88.2 1.87 14.0 100 
Methanol 32.7 0.54 60.6 2.87 17.2 65 
Ethanol 24.6 1.08 22.8 1.66 18.9 78 
NMFb 182 1.65 110 3.86 10.7 182 
DMF° 36.7 0.80 45.9 3.86 29.4 153 
Formamide 111 3.30 33.6 3.37 16.8 210 
DMAd 37.8 0.84 45.0 3.72 24.0 166 
DMSOe 46.7 1.98 23.6 3.90 33.3 189 
Acetonitrile 37.5 0.33 114 3.44 >33.3 82 
" data from Hansen et al. 1996 and Snyder and Kirkland 1979, b N-Methylformamide, c N,N-Dimethyl-
formamide, 6 N,N-Dimethylacetamide,e Dimethylsulfoxide 
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3. FLUORESCENCE DETECTION IN CAPILLARY ELECTROPHORESIS 
3.1 General theory 
In order to give a brief theoretical background to the fluorescence aspects 
discussed in the papers, some of the fundamentals aie condensed in this section. 
For a deeper look into fluorescence spectroscopy than presented here, the basis 
of photochemistry is for example described by Gilbert and Baggott (1991) in 
"Essentials of Molecular Photochemistry". "Handbook of Photochemistry" by 
Murov et al. (1993) offers spectroscopic data for a great variety of compounds. 
Absorption and emission of radiation 
Consider a hypothetical molecule, M, with two energy states. The energy of the 
ground state is E0 and the energy of the excited state Er Basically, there are 
three processes that may occur when the molecule is subjected to 
electromagnetic radiation corresponding to the energy separation (AE=E]-E0) 
between the two states. These processes are induced absorption, spontaneous 
emission and stimulated (or induced) emission as schematically shown below. 
Induced absorption M + hv M' 
Spontaneous emission M* M + hv 
Stimulated emission M' + hv M + 2hv 
The spontaneous emission from molecules electronically excited by absorption 
of photons is generally called photoluminescence. If the energy transitions 
generating the photoluminescence involves changes in electron spin, the 
emission is called phosphorescence (Tj—>SQ transition). These types of 
transitions are "forbidden", i.e., they have low probability of occurrence, and 
the phosphorescence is therefore generally weak. Spontaneous emission 
involving no change in electron spin is called fluorescence (Sj—>S0 transition). 
Apart from the radiative processes mentioned, there are many other non-
radiative deactivation processes that might occur. These processes are generally 
divided into inter-system crossing (ISC) and internal conversion (IC) and 
predominantly includes deactivation through vibration and energy transfer. 
Figure 11 shows an energy diagram over the excitation and deactivation 
processes. Photoluminescent processes always occur from the lowest 
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vibrational level of an excited electronic state. Due to the internal vibrational 
relaxation, the wavelength of the emission is usually longer than the resonance 
wavelength, i.e., the wavelength corresponding to AE. This wavelength shift is 
called Stoke's shift. 
energy 
2 
1 
ISC 
0 
A 
Figure 11. Energy diagram for a photoluminiscent system. The radiative processes are 
shown; absorption (A), fluorescence (F) and phosphorescence (P). Non-radiative 
deactivation processes within or between electronic levels of singlet state (IC) 
are shown as well as deactivation processes involving changes in spin (ISC), i.e., 
conversions between singlet (S) and triplet (T) states. 
Fluorescence quantum yield and lifetime of the excited state 
Fluorescence is a deactivation process with a first-order dependence on the 
number of excited molecules, [M*], according to Equation 19 below where t 
represents the time passed after a starting point, 0. 
[M-] ,=[M-]0 .e""=[M']0 .e-"- ;  T„=-i  (19) 
F 
The radiative lifetime, xR , is the average relaxation time of the excited state 
assuming deactivation solely by fluorescence. The fluorescence lifetime, tf , is 
the observed lifetime taking into account all decay processes as shown below. 
xf  ~~j 7~ 7 (20) k f + kIC + kISC 
The fluorescence quantum yield, is defined as the number of molecules 
fluorescing divided by the number of quanta absorbed. The fluorescence 
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quantum yield can also be expressed in terms of rate constants or lifetimes for 
the different processes. Equation 21 gives the expression for <I>F 
Fluorescence intensity 
The fluorescence intensity is, as mentioned above, dependent on the absorption 
intensity, i.e., the number of excited molecules. At low absorbances and low 
irradiances, there is a linear relationship between fluorescence intensity, IF, and 
the intensity of the incident light, I0, according to Equation 22. The light 
collection efficiency is denoted by K. From Lambert Beer's law arise the 
symbols eahs, C and I representing molar absorptivity, analyte concentration and 
optical path length, respectively. 
Fluorescence saturation 
The fluorescence intensity increases with the intensity of the incident light up 
to a level of fluorescence saturation, providing photostable molecules. At this 
level, the rate of stimulated absorption is balanced by the rate of spontaneous 
emission. When increasing the incident light intensity beyond the fluorescence 
saturation, the ground-state becomes depleted. The rate of fluorescence is then 
determined by the rate of absorption. 
Photodegradation 
Excited molecules, in an excited singlet or triplet state, may undergo a number 
of photochemical reactions that will lead to their destruction. These reactions 
are predominantly bimolecular and cause reduction of the fluorescence 
intensity. The excited molecule can react with its own ground-state molecule or 
with some other molecule, a so called quencher, present in the solution. One 
example is dissolved oxygen (O2) that can act as a quencher for some 
compounds. Photoionisation, photooxidation, photoreduction, excimer and 
exciplex formation are some examples of photodegradation reactions. The rate 
of these non-linear processes increases with the intensity of the incident light, 
I0. The degree of photolability varies a lot between different compounds. A 
quantum yield of photodegradation, <3>D, can be defined as shown below where 
kD is the sum of the rate constants for the different photodegradation processes. 
(21) 
IF =2303-0F • K• I0 -8^ ,  -C- l  (22) 
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O = -S.— 
kF + kic + k ISC 
(23) 
Effects of temverature. solvents and vH 
Molecules that fluoresce intensely are generally highly conjugated and often 
aromatic with low-energy 71—> k* transition levels. The fluorescence quantum 
yield usually increases with the number of rings. Fluorescence is particularly 
favoured by molecules that possess rigid structures preventing energy loss by 
non-radiative deactivation. Fluorescence quantum yields generally decrease 
with increasing temperature as the number of collisions increases and thereby 
the probability of non-radiative deactivation. The solvation of the fluorescing 
molecule and properties of the solvent, such as viscosity, also affect the 
quantum yields. Another important parameter is pH which will have a large 
effect on compounds with acidic or basic groups. The spectroscopic properties 
are often different for the ionised and non-ionised forms of the compounds. 
Wavelength shifts as well as changes in fluorescence intensity are common. 
3.2 Conventional fluorescence detection 
On-column (on-capillary) lamp-based fluorescence detection can be employed 
in CE. As with absorption detection, modified LC detectors equipped with ball-
lens optics can be used (Nouadje et al. 1995). Both filter detectors and tunable 
wavelength detectors are commercially available for CE. Compared to 
absorption, conventional fluorescence detection offers lower concentration 
detection limits (Table I, page 4) and higher detection selectivity, although it 
still suffers from the short optical pathlength in the capillary. With higher 
incident light intensity the fluorescence signal will be increased (Equation 22), 
a fact utilised in laser-based fluorescence detection. 
3.3 Laser-induced fluorescence (LIF) detection 
Laser-induced fluorescence (LIF) detection is well suited for on-column 
detection in miniaturised separation systems, such as CE and micro LC (for an 
overview of the field see for example Folestad et al. 1985, Dovichi 1990, 
Sweedler et al. 1991, Li 1993 and references therein). The exquisity of LIF 
detection is due to the fact that the laser beam is easily focused down to very 
small areas with preserved energy. LIF, together with electrochemical 
detection, is by far the most sensitive detection techniques used for capillary 
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electrophoresis and liquid chromatography. There are several publications 
showing sensitive detection of labelled amino acids by the use of CE combined 
with LIF detection (Waldron et al. 1990, Albin et al. 1991, Higashijima et al. 
1992, Wu and Dovichi 1992, Zhaou et al. 1992). Limits of detection down to 
zeptomoles (10 21 mol) or picomolar concentrations (1012 M) were first 
reported by Wu and Dovichi in 1989 for fluorescing amino acid derivatives 
although these detection limits were obtained after diluting a derivatised 
standard at the micromolar (10"6 M) level. 
Optimisation of the detection system 
For detection of photostable compounds, the intense light from the laser will 
increase the fluorescence signal up to the level of fluorescence saturation. The 
background noise increases linearly with the incident light intensity. An 
optimum signal to noise ratio can therefore be found, as shown in Figure 12. 
Figure 12. Theoretical optimisation of fluorescence and signal to noise ratio in 
fluorescence detection under high light intensity conditions. Comparison 
between photostable compounds (ps) and photolabile compounds (pi). 
When detecting photolabile compounds, the photodegradation processes have 
to be considered as well. So far there are few data on the quantum yield of 
photodegradation (Od) of fluorescent and fluorogenic labelled analytes (Orwar 
et al. 1994+1995). In paper III, the photophysical and photochemical 
properties of o-phthaldialdehyde/ß-mercaptoethanol (OPA/ßME) labelled 
amino acids and peptides have been examined. Regarding photodegradation, 
not only is the irradiation intensity important but also the irradiation time for 
each molecule. The irradiation time is defined by the velocity of the molecule 
traversing the irradiated volume in the detection zone. In general, lower laser 
signal S/N 
Fluorescence 
noise 
irradiance 
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efficiencies are required in CE than in conventional LC as the linear velocities 
are lower. Another important aspect that has to be considered is that the 
different analyte molecules in a CE separation migrate with different velocities. 
This leads to different irradiation times for different compounds in the same 
separation and might therefore affect the fluorescence signal. Besides the flow 
rate and the output power from the laser, optimisation of the optical system is 
important when using LIF detection (Wu and Dovichi, 1989). Stray light in the 
form of Rayleigh and Raman scattering has to be minimised and rejected. Cut­
off or bandpass filters are often used on the emission side. Concerning the 
characteristics of the fluorophore, a large Stoke's shift is desirable, i.e., a 
minimum of overlap between the absorption and emission spectra. 
Mathies and co-workers (Mathies et al. 1990) have presented general 
expressions for the optimisation of high-sensitivity fluorescence detection. 
Theoretical models can be used to calculate the average maximum number of 
photons that can be extracted from each molecule, i.e., how many times a 
molecule can be excited and de-excited before it is finally destroyed. For the 
simplest case, assuming no saturation and negligible triplet formation, Equation 
24 can be applied. The mean number of photons emitted by a molecule, n F, 
traversing the illuminated volume can be calculated as; 
The ratio between the rate constant for absorption, kA, and the rate constant for 
fluorescence, kF, is denoted by k (= kAl kF). The ratio between x( and %D (= 1 / 
kD) is denoted by T, where x, is the transit time of the chromophore through the 
beam. The expression for the scattering background, nB, is shown in Equation 
25 where a is the ratio of the background scattering to fluorescence at very low 
light levels and short transit times (Equation 26). 
By Equations 24 and 25, theoretical optimisation of the fluorescence, i.e., the 
transit time and illumination intensity, can be made. Indeed, this theoretical 
framework has provided the basis for optimisation of LIF detection down to the 
level of single mole cule dete ction, a field recently review ed by Keller et al. 
nF =~j!~"[l- exp{-À:t / (k +1)}] (24) 
"
f l  =  dT ' (  ' a )  
D 
a - (25,26) 
\nF JQ 
(1996). 
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3.4 Semiconductor LIF detectors 
So far, most frequently used for LIF detection are gas lasers emitting in the 
UY-Vis wavelength region, such as for example argon ion and helium-
cadmium lasers. For many applications, semiconductor lasers can be an 
attractive alternative (Imasaka and Ishibashi 1990, Mank et al. 1996) as they 
provide many advantages compared to the more expensive gas lasers (Table V). 
Semiconductor lasers are stable and easy to operate and have high energy 
conversion efficiencies. Their small size makes them well suited to 
miniaturised detection systems and, as they can be battery-operated, also for 
portable systems. In paper VI, LIF detection in CE was performed using a 
miniaturised laboratory-built semiconductor LIF detector (Larsson et al. 1993). 
Despite the simplicity of the design, detection limits in the low femtomole 
range were easily obtained with this detector. 
TABLE V Typical specifications of gas lasers and semiconductor lasers. 
laser type 
gas (air-cooled) semiconductor 
output power (mW) 1-40 3-40 
wavelength (nm) 325-488 630-850 
stability (%) 0.2-2 0.005 
efficiency (%) 0.1 10-20 
lifetime (kh) 2-10 15-100 
prize (103SEK) 70-200 0.2-4 
The main limitation with semiconductor lasers, so far, is the mismatch between 
available laser lines and available reagents (Patonay and Antoine 1991, Mank 
et al. 1996). Today, there are no commercially available semiconductor lasers 
directly emitting below 600 nm although lower wavelengths are to be expected 
as the technical development of semiconductors proceed. There are several 
research reports of direct semiconductor lasering in the blue and green 
wavelength regions (see for example Nakayama et al. 1993, Gunshor and 
Nurmikko 1995, Kobayashi 1995). Frequency doubling can also be used in 
order to obtain blue wavelengths for fluorescence detection in CE (Jansson et 
al. 1993). 
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3.5 Indirect fluorescence detection 
The concentration limit of detection (CLOD) in indirect detection in CZE is in 
the simplified case dependent on the marker concentration, CM, the transfer 
ratio, TR and the stability of the background signal, often referred to as the 
dynamic reserve, DR (Yeung and Kühr 1991). Linear fluorescence response is 
assumed. CLOD at S/N=3 is given as; 
CL0D= 3"C m  (27) 
L0D TR DR 
The transfer ratio is a measure of the displacement of marker molecules by 
analytes and should ideally be equal to one, i.e., one marker molecule is 
displaced by one analyte molecule. The dynamic reserve, defined as the signal 
to noise ratio for the background signal, is an instrumental parameter mainly 
influenced by the laser stability and amount of scattered light. The 
semiconductor laser stability, as mentioned in the previous section, is therefore 
advantageous for indirect detection. Optimisation of sensitivity for indirect 
fluorescence detection using a stabilised helium-cadmium laser has been 
described by Kühr and Yeung (1988). 
In MEKC, however, Equation 27 is not applicable. The partitioning of analyte 
and marker molecules between the micellar and aqueous phase must be 
considered as well as the differences in fluorescence intensity between the two 
phases. In MEKC, the following relationship should be used as described by 
Kaneta and Imasaka (1995) where Fmc and Faq denote the marker fluorescence 
intensity in the micellar and aqueous phase, respectively. 
r  _ 3-Cm  
^ r nn L0D TR DR 
f F N mc 
-F \ mc aq y 
(28) 
Indirect semiconductor LIF detection was performed in paper VI, where a 
number of Nile Blue derivatives where examined as fluorescent markers. Due 
to changes in quantum yield and spectral shifts between the aqueous and 
micellar phase, the derivative that gave the lowest concentration limit of 
detection was not the same as the one that gave the highest fluorescence 
intensity. However, the lowest detection limits where obtained using non­
aqueous CZE where less background noise together with higher fluorescence 
intensity gave a larger value for the dynamic reserve. 
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4. REAGENTS AND MARKERS FOR FLUORESCENCE DETECTION 
4.1 Reagents for amino acids and peptides - an overview 
From a spectroscopic viewpoint, amino acids and small peptides, with few 
amino acid residues, are "boring". Most protein amino acids have very low 
molar absorptivities (< 1000 M"'cm_1) and do not fluoresce. Tryptophan, 
tyrosine and phenylalanine are the only exceptions because their structures 
contain aromatic rings. A way to overcome the poor intrinsic fluorescence is to 
use fluorescence labelling, thereby improving detectability as well as selectivity 
relative to other compound groups. There are many different reagents available 
that react with certain functional groups and form fluorescent derivatives. The 
demands on a suitable reagent are many. High purity of the reagent, fast 
reaction with high reaction yield, stability towards matrix interferences, thermal 
stability and favourable electrophoretic (or chromatographic) behaviour of the 
derivatives are some examples. Spectroscopic properties like fluorescence 
quantum yield, photostability and Stoke's shift are important. Compatibility 
with available laser lines has to be considered when laser-induced fluorescence 
is employed. In addition, minimal contribution to background fluorescence 
from the sample matrix and separation media is desired. 
In general, labelling of compounds can be based on different principles 
including the formation of covalent bonds or various forms of complexes. The 
term derivatisation commonly refers to labelling processes where covalent 
bonds are formed and only such types of reagents will be treated here. 
Fluorescent and fluorogenic reagents for amino acids and peptides. 
Reagents used for fluorescence detection can be divided into two major 
categories; fluorogenic and fluorescent. Fluorogenic reagents do not fluoresce 
but form fluorescent derivatives. Fluorescent reagents, on the other hand, 
contain a fluorophore and a reactive substituent and fluoresce prior to 
derivatisation as well as in the form of derivatives. One advantage with the 
fluorogenic reagents, especially for ultrasensitive applications, is of course that 
they give negligible fluorescent background from unreacted reagent. A number 
of reagents have been developed to convert amines, like amino acids and 
peptides, into fluorescing derivatives. Many reagents, originally developed for 
LC (see Blau and Halket 1993, Lingeman et al. 1985 and references therein), 
are now being used in CE for the same purpose. Table VI on page 37 shows 
some of the most frequently used fluorescent reagents for amino acids and 
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peptides. Examples of reactive substituents, that many fluorescent reagent 
compounds in both CE and LC are based on, are sulphonyl chlorides, 
chloroformâtes and isothiocyanates. The reaction schemes in Figure 13 show 
the derivatives formed by these three types of reagent in the reaction with 
primary amino acids. 
x—so2ci + 
sulphonyl chloride 
O 
II 
X-O-C—Cl + 
chloroformate 
X-N=C=S + 
isothiocyanate 
COOH 
I 
-CH -
I 
R 
COOH 
COOH 
H2N-CH 
H,N-CH 
2 I 
-HCl 
-HCl 
COOH 
I -HCl 
X—SO,—Nif— CH 
sulphonamide 
O COOH 
X-O-C— 
carbamate 
NH—CH I 
R 
COOH 
X-NH—C—NH-CH 
II I 
S R 
thiocarbamoyl 
R 
/ 
-CH 
-H,0 
• 
acidic pH 
HN 
I 
X 
thiohydantoin 
Figure 13. Fluorescent labelling of amino acids. The reaction schemes for three common 
types of reagents are shown. The fluorophore, i.e., the fluorescing group, is 
denoted by X. 
One advantage with the chloroformâtes is the very short reaction time (typically 
a few seconds with amino acids). Chloroformâtes react with both primary and 
secondary amines as well as alcohols. All these reactions are favoured by an 
alkaline pH, including the undesired reaction with water. A pH between 7.7 and 
8.0 has been found to be the best compromise for derivatisation of amino acids. 
At this pH, the reaction with the amines is favoured over the hydrolysis of the 
reagent (Einarsson et al. 1983). The excess of chloroformate reagent often 
coelutes with the derivatives in the separation which is why extraction is often 
necessary in order to minimise this disturbing peak, as has been experienced 
both in CE and LC (Einarsson et al. 1983, Chan et al. 1993:a+b). 
Isothiocyanates are often referred to as Edman reagents after the scientist who 
introduced phenyl isothiocyanate (PITC) as a reagent for peptide sequencing 
(Edman 1950). A number of fluorescent isothiocyanates have been used as 
reagents for amino acid analysis, such as fluorescein isothiocyanate. The 
thiocarbamoyl amino acids formed in the first step can be converted by mild 
acid hydrolysis into the corresponding thiohydantoins, which are more stable. 
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Unfortunately, very long reaction times (typically several hours) are usually 
required for the first step. 
Fluorosenic reagents. 
Several fluorogenic reagents are based on isoindole formation. For example, o-
phthaldialdehyde (OPA) together with a thiol, such as ß-mercaptoethanol 
(ßME) or ethanethiol (ET), is a frequently used fluorogenic reagent that by 
reaction with primary amines forms isoindoles (Simons and Johnson 1976, 
paper V). Table VII on page 38 and 39 gives an overview of fluorogenic 
reagents commonly used for amino acids and peptides. OPA and some 
structurally similar reagents, such as naphthalene-2,3-dicarboxaldehyde (NDA), 
are further discussed in section 4.2. 
Chiral reagents. 
As mentioned in section 2.9, chiral separations can be obtained in CE by the 
use of chiral surfactants or various chiral selectors. Another way to analyse and 
determine chiral compounds is to use chiral reagents for labelling, as has been 
utilised in this work (paper I, II, III and IV), where a chiral thiol has been 
employed together with OPA. By the use of a chiral reagent, amino acid 
enantiomers will form diastereomeric derivatives that can be separated in an 
achiral separation system. For all kinds of chiral application, the optical purity 
of the reagent is crucial. If the reagent used for labelling contains both optical 
isomers, twice as many derivatives will be formed, i.e., for the D- and L-form 
of a specific amino acid, not only two but four derivatives will be obtained. The 
result will be an electropherogram, where some derivatives coelute, that is 
impossible to interpret. 
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4.2 OPA/thiol and other isoindole forming reagents 
The reaction of o-phthaldialdehyde (OPA) with primary amines at alkaline pH 
in the presence of a thiol, such as ß-mercaptoethanol (ßME), gives highly 
fluorescent compounds (Roth 1971). At first, it was thought that the thiol 
functioned as a reducing agent. However, Simons and Johnson (1976) showed 
that the thiol becomes a part of the final product, i.e., in the formed 1-alkyl-
thio-2-alkyl-substituted isoindole. One of the proposed reaction mechanisms 
(Sternson et al. 1985) states that OPA in the first step reacts with the amine 
whereafter the intermediate formed dehydrates and is attacked by the thiol. 
proposed mechanism: 
Figure 14. Reaction between a primary amine and the OPA/thiol reagent in which the 
l-alkyl-thio-2-alkyl-substituted isoindole is formed. 
Besides the fact that they are fluorogenic, there are many advantages with the 
OPA/thiol reagents. The reaction is fast at room temperature, typically a few 
seconds for OPA/ßME, and the reaction yield is high even at very low analyte 
concentrations (< nM). The OPA/thiol reaction chemistry is generally relatively 
insensitive to matrix interferences, such as, for example, high salt 
concentrations, and has therefore been extensively used for amino acid analysis 
in various biological and physiological samples, food etc. (Sarwar and Botting 
1993, Blau and Halket 1993 and references therein). Brückner and co-workers 
have demonstrated the utility of chiral OPA/thiol reagents for a wide range of 
applications (Brückner et al. 1994+1995). Besides primary amines, such as 
amino acids, isoindole formation has also been used for the determination of 
thiols (Mopper and Delmas 1984, Sano et al. 1995, Dette and Wätzig 1994). 
OPA/thiol reagents can also be used for derivatisation of the amine function in 
peptides although the situation is more complex than for amino acids (paper 
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V). The OPA derivatives are amenable to UV and fluorescence detection as 
well as electrochemical, i.e., amperometric, detection. In many applications 
fluorescence detection has been found to give lower detection limits than 
amperometric detection (see for example Orwar et al. 1991). The isoindoles 
have two excitation maxima centred around 230 and 340 nm, respectively, and 
an emission maximum centred around 440 nm. Although the absorptivity at 
230 nm is generally higher, excitation at 340 nm is sometimes more practical. 
Excitation at 340 nm will be more selective for the isoindoles and signals from 
impurities in the derivatised sample or in the separation media will be 
minimised. 
Isoindole stability 
The major drawback with the OPA derivatives is their thermal instability. In 
particular, this is true for the OPA/ßME derivatives which are known to 
decompose rapidly so careful timing of the reaction is necessary for most 
applications. Particularly unstable are derivatives from glycine, alanine, lysine 
and ornithine. There are many factors that affect isoindole stability such as thiol 
structure, amine structure, pH, buffer composition, organic solvents and excess 
of OPA. Several pathways for isoindole degradation have been suggested 
(Alvarez-Coque et al. 1989, review) and more than one is likely to be true. It 
should be noted here that stability or, more specifically, thermal stability, in 
this text, refers to all types of degradation that are not photodegradation 
processes. 
The hydroxyl group on ßME has been shown to promote isoindole degradation. 
Ethylene sulfide has been proposed to be one of the degradation products 
(Alvarez-Coque et al. 1989, review). Simons and Johnson (1977) replaced 
ßME with ethanethiol (ET) and found the formed derivatives to be more stable. 
Stobaugh et al. (1983) showed that the use of 3-mercapto-l-propanol in place 
of ßME gave isoindoles of higher stability. This observation supports their 
theory of a sulfonium ion intermediate as the formation of a three-membered 
ring would be faster than for a four-membered ring. Furthermore, steric bulk of 
the thiol is advantageous for isoindole stability as well as bulky amines. Jacobs 
et al. (1986) have observed that stability clearly increases with increased 
branching of the side chain a to the thiol function (-C(CH3)3 > -CH(CH3)2 > -
CH2CH3 > -CH3 ). This effect on isoindole stability by thiol structure is obvious 
when comparing OPA/ßME with OPA/2,3,4,6-tetra-0-acetyl-l-thio-ß-D-
glucopyranose (TATG) derivatives, the latter being stable for hours at room 
temperature (Einarsson et al. 1987:b). Effects on isoindole stability by amine 
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structure are clearly seen in the case of OPA/ßME. Under typical derivatisation 
conditions, OPA/ßME derivatives of glycine and alanine decompose within 
less than 30 minutes. Compared to amino acid derivatives, increased stability 
has been found with increasing number of amino acid residues for OPA/ßME 
peptide derivatives. For example, under the experimental conditions used in 
paper V, the half life for glycine (gly) was measured to be 1.6 min. while being 
4.7 and 5.7 min. for gly2 and gly6, respectively. 
Isoindole stability is dependent on pH. Simons and Johnson (1977) stated that 
degradation was faster at lower pH while Jacobs et al. (1986) observed a 
maximum isoindole degradation rate at pH 5-6. Complexation with borate 
enhances isoindole stability. The fact that stability is higher in a borate buffer 
than in a phosphate buffer of the same pH has been demonstrated both at pH 5 
and at pH 8 (Simons and Johnson 1978). Isoindole stability can also be 
enhanced by some organic solvents, for example ethanol (Simons and Johnson 
1977) and dimethylsulfoxide (Chen et al. 1979). The higher thermal stability of 
the OPA/ßME peptide derivatives, compared to amino acid derivatives, was 
taken advantage of in paper V where degradation of the amino acid derivatives 
was accelerated by acidification in favour of the more stable peptide 
derivatives. 
Excess of OPA has been shown to have a destabilising effect on the isoindoles 
(Stobaugh et al. 1983). Several studies on the degradation of isoindoles suggest 
that the process occurs via at least two parallel routes, described by a linear 
dependence of the observed rate constant, kobs, vs OPA concentration (Jacobs et 
al. 1986) where k0 and kj are the apparent rate constants for the OPA 
independent and dependent processes, respectively. 
kobs = k0 + k] [OPA] (29) 
Cooper et al. (1984) observed that the OPA/ßME derivatives are more stable 
after injection into a liquid chromatographic system. This can be explained by 
the separation of the derivatives from OPA excess on the LC column. 
Fluorescence properties 
Fluorescence properties of isoindoles are dependent on a number of factors 
such as thiol and amine structure, buffer composition and temperature. 
However, it should be noted here that high thermal stability does not 
necessarily mean high fluorescence intensity. For example, ET generally gives 
more stable derivatives than ßME (Simons and Johnson 1977) although the 
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fluorescence intensity is lower by a factor of about 1.2-1.7 (Chen et al. 1979). 
The differences in fluorescence intensity are mainly due to different 
fluorescence quantum yield. For most OPA derivatives, the molar absorptivity 
is in the range of 6000-7000 M^cm"1 (paper IV and V). This is also true for the 
more bulky thiols which, in most cases, generate stable isoindoles with lower 
fluorescence quantum yield, compared to OPA/ßME amino acids. Cyanide can 
be used as an alternative nucleophile to the thiol (de Montigny et al. 1987). 
Improved stability was observed when using cyanide instead of ßME. 
However, this effect was accompanied by a reduction in fluorescence 
intensities, for example a factor of 4.5 for the alanine derivative (de Montigny 
et al. 1987). 
As mentioned earlier, OPA/ßME peptide derivatives are generally more 
thermally stable than amino acid derivatives. However, the amino acid 
derivatives have better fluorescence properties, with fluorescence quantum 
yields typically between 0.3-0.4 (Chen et al. 1979). As shown in paper V, for 
the OPA/ßME peptide derivatives the fluorescence quantum yield is lower and 
the photodegradation quantum yield higher. For example, when comparing ala 
and ala6, the fluorescence quantum yield was 8 times higher for alanine (ala). 
The photodegradation yield differed by a factor of 11 (paper V). It can 
therefore be concluded that the OPA chemistry is in general more useful for 
detection of low concentrations of amino acids than of peptides, as long as the 
derivatives formed do not decompose. However, there are exceptions such as 
the y-glutamyl and ß-aspartyl peptides (Orwar et al. 1991, Sandberg et al. 
1994) which form derivatives with OPA/ßME. The derivatives fluoresce with 
intensities that are several times higher than those of their a-analogues, and 
similar to those of single a-amino acids. In addition, Joyce and Kim (1979) 
showed that OPA/ßME derivatives of lysine containing peptides gives much 
higher fluorescence than other peptide derivatives. They also showed that this 
fluorescence was due to reaction with the e-amino group in lysine. This lysine 
fluorescence of OPA labelled peptides combined with the native fluorescence 
of tyrosine and tryptophan was utilised by Schlabach and Wehr (1982) when 
developing selective detection schemes in LC for peptides. 
Isoindole fluorescence can in some cases be enhanced by detergents, organic 
solvents and borate complexation (Schwabe and Catlin 1974, Simons and 
Johnson 1977, Chen et al. 1979). It has also been indicated that alkaline pH not 
only has a positive effect on the rate of formation and thermal stability of 
isoindoles but also on the fluorescence intensity (Chen et al. 1979). 
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Chiral thiols 
Chiral thiols together with OPA can be employed as chiral reagents. Several 
chiral thiols have been examined for this purpose including N-acetyl-L-cysteine 
(AC), Boc-L-cysteine (BocC), N-acetyl-D-penicillamine (AP), N-isobutyryl-L-
cysteine (IBC) and 2,3,4,6-tetra-O-acetyl-l-thio-ß-D-glucopyranose (TATG) as 
listed in Table VII. 
9 o 
CH, 
;CH-C-NH-CH COOH 
CH, I 
ÇH2 
SH 
N-isobutyryl-L-cysteine (IBC) 
o 
CH,—C—NH— CH COOH 
I 
CH3-C-CH3 
SH 
N-acetyl-D-penicillamine (AP) 
Figure 15. Some chiral thiols that have been used together with OP A. 
In general, the isoindoles formed by OPA/chiral thiol reagents are quite stable 
compared to OPA/ßME derivatives, but give lower fluorescence intensities. 
The derivatives formed with the different thiols exhibit differences in their 
chromatographic behaviour and formation rate as well as fluorescence 
properties. These aspects are further discussed in paper IV where the utility of 
TATG, AC, AP and IBC in MEKC was studied. It was found that although the 
amino acid derivatives of AC and IBC fluoresce more intensely, TATG gives a 
better separation selectivity in the SDS-MEKC system examined. Another 
important observation showed that the reaction rate is influenced by the amount 
of organic solvent present in the reaction mixture and that this effect differed 
greatly between acetonitrile and methanol. 
CH,-C NH — CH COOH 3 I 
CH, I 2  
SH 
N-acetyl-L-cysteine (AC) 
Ac y 
YvV0 
o 
SH O r 
2,3,4,6-tetra-o-acetyi-i-thio-
ß-D-glucopyranose (TATG) 
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An important quantitative aspect when using these chiral thiols, which also 
includes chiral reagents in general, is that there might be small differences in 
fluorescence intensity between the two diastereomeric derivatives formed by 
the enantiomers of the same amino acid. Such observations have been reported 
both for amino acids (Aswad 1984, Buck and Krummen 1987, Euerby et al. 
1989) and other amines (Desai and Gal 1993). These phenomena can be due to 
differences in isoindole stability as well as in fluorescence quantum yield. 
Depending on the choice of thiol as well as the structure of the amine, these 
effects will vary and must therefore be evaluated for each separate case. For 
example, for the OPA/thiol labelled amines examined by Desai and Gal (1993), 
the difference in response between the diastereomeric derivatives was larger for 
fluorescence than for absorption detection, with a few exceptions. There were 
also clear differences between the different chiral thiols as well as between the 
different amine-containing drug compounds. 
OPA-like reagents 
Naphthalene-2,3-dicarboxaldehyde (NDA), a reagent structurally analogous to 
OP A, was introduced by Stobaugh and co-workers in 1987 (de Montigny et 
al.). Contrary to the case with OPA it was found that for NDA both stability 
and fluorescence intensity was enhanced by the use of cyanide instead of ßME 
(de Montigny et al. 1987). The derivatives formed by NDA/cyanide are 
cyanobenzisoindoles (CBI-derivatives) which are more stable (de Montigny et 
al. 1987) and have improved fluorescence characteristics compared to the 
alkylthioisoindoles formed by OPA/ßME (de Montigny et al. 1987, 
Matuszewski et al. 1987, Roach and Harmony 1987). The stability of an 
isoindole can be further enhanced by suitable substitution adjacent to the 
nitrogen atom. Aroylaraldehydes, forming aroyl substituted isoindoles, can be 
used for that purpose. Figure 16 shows the reactions of a dialdehyde and an 
aroylaraldehyde, respectively. In 1991 Novotny and co-workers (Liu et al.) 
presented 3-(4-carboxybenzoyl)-2-quinoline carboxaldehyde (CBQCA)/ 
cyanide as a new reagent forming pyrrolopyridines, structurally similar to 
isoindoles. CBQCA reacts with peptides as well as amino acids although a very 
long reaction time (1 hour) is needed. The derivatives are highly fluorescent. 
Mass limits of detection in the zeptomole range have been demonstrated for 
CBQ-amino acids in CE with optimised LIF detection (Arriaga et al. 1995). 
Prior to the development of CBQCA, a number of reagent analogues were 
developed (Beale et al. 1988+1990). However, all of them had limited utility in 
CE due to their hydrophobicity and migration behaviour (Liu et al. 1991). 
Figure 17 gives the structures of OPA, NDA and CBQCA, respectively. 
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.XX CHO 
dialdehyde 
aroylaraldehyde 
R,NH2 
R T S H  :ä: 
isoindole 
SR2 
N R, 
Ar R J N H J  
CN 
KCN 
Ar 
pyrrolopyridine 
Figure 16. Formation of isoindole and pyrrolopyridine by the reaction of a 
primary amine with a dialdehyde and aroylaraldehyde, respectively. 
aCHO 
, CHO 
OPA 
CHO 
CHO 
NDA 
Figure 17. Structures of the fluorogenic reagents OPA, NDA and CBQCA. 
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4.3 Reagents and markers for the upper visible wavelength region 
Generally, fluorescence in the upper visible and near infrared wavelength 
region has not been extensively studied for analytical applications. Many 
fluorophores in this wavelength region have mainly been developed for the 
purpose of being used in dye lasers. Their photophysical and photochemical 
properties are therefore often favourable and well characterised which is why 
these chromophores are also attractive for other applications such as for LIF 
detection in separation techniques. For such detection semiconductor lasers 
(section 3.4) can be employed. Figure 18 below shows some typical structures 
for dyes in this wavelength region and some characteristics of a few typical 
laser dyes are summarised in Table VIII. 
(CH=CH)n C 
N+ N+ 
,JOCÅ: .joodc; 
c D 
Figure 18. Cyanine (polymethine) dyes (A), squarines (B), oxazines (C) and thiazines (D) are 
examples of fluorophores used in the upper visible wavelength region (X > 600 nm). 
In contrast to the spectroscopic properties of many of these dyes, their 
chromatographic and electrophoretic behaviour have not been characterised to 
the same extent. As many of these dyes are nitrogen containing heterocyclic 
compounds they can often be positively charged. In CE, interaction with the 
silanol groups on the capillary wall might then be an undesired effect. 
Compared to LC, however, CE offers better possibilities for the separation of 
such dyes. In this context, nonaqueous CE (described in section 2.8, Figure 10) 
is of great interest as well as micellar electrokinetic chromatography (section 
2.7) using cationic surfactants (paper VI). For CZE applications, using 
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aqueous buffers, the use of deactivated capillaries might be nescessary 
(Higashijima et al. 1992). 
TABLE VIII Spectroscopical properties of selected dyes that can be excited in the 
upper visible wavelength region (X> 600 nm). 
dye (solvent) ^ex,maxiem,max £ references  
(nm) (M"1 cm'1)  
cvanines 
DTDC (EtOH) 655/678 Blau et al. 1984 
oxaz.ines 
Nile Blue A (EtOH) 636/702 77500 0.27 Sens and Drexhage 1981 
Imasaka er aZ. 1989 
Oxazine 1 (EtOH) 647/693 
thiazines 
Methylene Blue (EtOH) 635/668 66600 
rhodamines 
Rhodamine 700 (EtOH) 644/671 
0.11 Sens and Drexhage 1981 
0.04 Olmsted 1979 
Blau era/. 1984 
Imasaka er a/. 1989 
0.38 Bachteler et al. 1994 
and references therein 
There are a number of articles describing the use of laser dyes for indirect 
semiconductor LIF detection in CE. Some of them are listed in Table IX. 
TABLE IX Fluorophores used for indirect semiconductor LIF detection in CE. 
dye CE mode laser references 
Methylene Blue CZEa 
MEKC 
670 nm 
670 nm 
Higashijima et al. 1992 
Fuchigami and Imasaka 1994 
Oxazine 750 MEKC 670 nm Kaneta and Imasaka 1995 
Nile Blue A 
Nile Blue derivative 
NACE 
MEKC 
635 nm 
635 nm 
paper VI 
paper VI 
"deactivated capillary 
Oxazines, thiazines and various cyanine (polymethine) dyes have been used for 
labelling proteins, either covalently or through electrostatic adsorption 
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(Imasaka et al. 1989, Williams et al. 1993). Near infrared dyes have also been 
developed for labelling of DNA (Williams and Soper 1995, Shealy et al. 1995) 
as well as derivatisation of thiols (Mank et al. 1993+1994). So far, the few 
reagents that have been presented for derivatisation of amino acids and 
peptides, summarised in Table X, have been either isothiocyanates or 
succinimidyl esters. 
TABLE X Reagents for amines in the upper visible wavelength region ( > 600 nm). 
type of dye functionality2 conditions'1 laser wavelength references 
thiazine (Azur B) S 0.5-2h, r.t. 670 nm Higashijima etal. 1992 
oxazine S lh, 37°C 660 nm Fuchigami et al. 1993 
cyanine ITC 15h, 25°C 790 nm Flanagan et al. 1995 
cyanine S 20 min, 65°C 670 nm Mank and Yeung 1995 
cyanine S 0.75-lh, 60°C 635/670 nm Mank etal. 1995 
" functionality of reactive group, S = succinimidyl ester , ITC = isothiocyante, b derivatisation conditions, h = 
hours, min = minutes, r.t. = room temperature 
Although the reagents in Table X have very attractive spectroscopic 
characteristics, unfortunately, their utility is somewhat limited. None of these 
reagents are, so far, readily available commercially. Another drawback is the 
slow reaction kinetics that require long reaction times and sometimes heating. 
Due to undesired hydrolysis of the succinimidyl ester, the derivatisation 
reaction is not quantitative at low analyte concentrations for these reagents 
(Mank and Yeung 1995) which is why their use for trace analysis is somewhat 
limited. However, it has been shown that the side reaction of the succinimidyl 
ester can be reduced by performing the derivatisation in an organic solvent such 
as acetonitrile (Mank et al. 1995). It can be concluded that further optimisation 
and development of reagents for amino acids in the upper visible wavelength 
region (600-700 nm) is of high importance. At present, the utility of 
semiconductor LIF detection, for many analytical applications, is indeed 
limited by the available reagent chemistry rather than the detection technique. 
In paper VI a number of Nile Blue derivatives, shown in Figure 19, were 
examined for the purpose of indirect semiconductor LIF detection in CE. Two 
derivatives were synthesised from Nile Blue, one containing an acyl group and 
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the other a methyl ester function. Their spectroscopic characteristics were 
examined as well as their chromatographic and electrophoretic behaviour in 
different electrolyte systems. It was found that NACE, using pure N-methyl-
formamide as background electrolyte, and MEKC, using cationic micelles, 
worked well for these dyes. In all the aqueous buffers examined, adsorption 
problems were experienced. In general, NB was found to give the highest 
fluorescence intensity and thereby the lowest detection limits. However, in the 
MEKC system the lowest detection limit was obtained using NBME. As 
mentioned in section 3.5, this is due to the fact that NBME gave the largest 
difference in fluorescence intensity between the aqueous and micellar phase. 
Figure 19. Nile Blue derivatives examined for indirect semiconductor LIF detection in CE. 
Another aim for the work in paper VI was to synthesise a reagent for amino 
acids based on Nile Blue as the fluorescent moiety. Preferably, the reagent 
should have a high reactivity towards amines which is why a chloroformate 
reagent seemed to be an interesting approach. Our first attempt included the 
synthesis of N-(chloroformyl)-Nile Blue. However, analysis by electrospray 
mass spectrometry indicated that this compound was unstable and that the 
chloroformate rearranges to form an isocyanate. It has been reported that the 
products formed by the reaction between a primary amine and phosgene easily 
form isocyanates by the loss of hydrochloric acid, as shown schematically in 
Figure 20 (Konecny 1970). Another important aspect is that substitution at 
amine groups of compounds like Nile Blue often gives rise to undesired 
spectral shifts towards longer wavelengths (Mank et al. 1995 and references 
therein). In order to obtain a more stable reagent compound, we introduced a 
spacer between the amine and the chloroformyl group. An alcohol, 
schematically shown in Figure 20 (B), was obtained through reaction between 
Nile Blue and ethylene oxide and purified by column chromatography. In spite 
of this, further efforts to synthesise a chloroformate reagent from this alcohol 
have so far been unsuccessful. It thus seems that this chloroformate is also 
unstable. 
NB R= H 
NB Ac R= COCH3 
NBME R= COOCH3 
50 
R—NH C Cl  
A 
-*• R—N=C=0 + HCl R—NH' ,OH 
Figure 20. Scheme A, Formation of isocyanate from N-chloroformyl compound, Scheme B, 
Alcohol formed by reaction between primary amine and ethylene oxide. 
4.4 Derivatisation modes 
In CE, derivatisation of a sample is commonly performed prior to injection into 
a separation system, i.e., pre-column derivatisation, as done in paper I, II, IV 
and V. Alternatively, although used more extensively in LC than in CE, 
derivatisation can also be performed after separation prior to detection, i.e., 
post-column derivatisation. A third way is to perform the labelling reaction 
inside the capillary during the separation, i.e., on-column derivatisation. The 
general concept of on-column reactions in CE was introduced by Regnier and 
co-workers (Harmon et al. 1993), referred to as EMMA (electrophoretically 
mediated microanalysis). The EMMA concept was studied in paper III and IV 
for derivatisation of amino acids in MEKC. Strategies and procedures for 
derivatisation, both in CE and LC, have been discussed by Krull et al. (1994). 
In LC, pre-column derivatisation is the most frequently used mode and is often 
done automatically by use of autosamplers coupled to the chromatographic 
system. Post-column derivatisation is often used in various kinds of flow 
systems where on-line analysis is performed. A drawback with post-column 
derivatisation is the decrease in detectability. Because the reagent is mixed into 
the sample after separation the sample bands are diluted and the concentration 
detection limits are thereby raised. Moreover, impurities from reagents and 
buffer solutions may give rise to fluorescence background which would not 
coelute with the analytes if pre-column derivatisation had been employed. 
Naturally, post-column derivatisation is, in most cases, restricted to fluorogenic 
reagents. In CE, pre-column derivatisation has been most widely used so far. 
When analysing very small sample volumes (nl-(il), miniaturised pre-column 
derivatisations are necessary. It will also be essential to do automate the 
process, but so far there are few reports on automated derivatisation in CE 
(Houben et al. 1993, Ruyters and van der Wal 1994). Post-column 
derivatisation has also been successfully employed in CE (Nickerson and 
Jorgenson 1989, Zhu and Kok 1995). 
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The concept of on-column derivatisation in CE is still quite new. Zare and co­
workers (Pentoney et al. 1988) first performed on-column derivatisation by 
constructing an "on-column capillary connector". The connector was fabricated 
from two fused silica capillary tubings, linked together in the form of a cross. 
This approach required the drilling of micrometer holes in the capillaries. The 
electrophoretic separation was performed in one of the two capillaries while the 
other capillary was filled with the OPA reagent. Hydrostatic pressure was used 
to introduce the reagent into the separation capillary in the centre of the cross, 
before the detector, where the two capillaries were connected. However, there 
are more straightforward ways to perform on-column labelling that do not need 
technical modification of the separation capillary. One way is simply to add the 
reagent to the separation buffer. On-column labelling in CZE of amino acids in 
this way has been demonstrated both with and without isotachophoretic (ITP) 
preconcentration (Reinhoud et al. 1994). Another report demonstrates on-
column labelling of DNA fragments (Clark and Sepaniak 1993). Also in that 
work, the reagent, an intercalating dye, was added to the aqueous separation 
buffer. Another approach for on-column labelling is to inject both the sample 
and reagent into the CE system as two discrete plugs, as has been done in 
paper III and IV. The reagent and the sample are injected hydrodynamically 
and then mixed during the electrophoretic process due to their different 
mobilities, i.e., the EMMA approach (Harmon et al. 1993). The amino acid 
labelling reaction takes place as the plugs are mixed whereafter the derivatives 
are separated. 
electroosmotic flow 
DS UR 
Figure 21. Schematic representation of the on-column derivatisation procedure. The 
buffered sample and the reagent are injected as two discrete plugs. During 
the electrophoretic process the sample and reagent are mixed to enable 
derivatives to be formed and subsequently separated. S, sample; R, reagent; 
DS, derivatised sample; UR, unreacted reagent 
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During the electrophoretic mixing process (Figure 21), the two zones are in 
contact only for a very short time, typically a few seconds (paper III). The 
time interval during which total merging of the narrower zone within the 
broader zone occurs, Atmerge, can be estimated from (Harmon et al. 1993); 
At = AW (30) 
mprop » x ' 
—' A|x e p - E  
where Aw is the difference in widths of the two zones. The effects of diffusion 
and reaction induced depletion of the reagent are neglected. Naturally, the time 
interval for contact between the two zones is longer than Atmerge. When the on-
column derivatisation is performed as shown in Figure 20, the two zones will 
be in contact also during injection prior to the application of the electric field. If 
desired, this can be avoided by injecting a "spacer" plug, i.e., buffer, between 
the sample and the reagent plugs (Harmon et al. 1993). 
It should be noted that in paper III and IV the separation is carried out in a 
MEKC system showing that on-column reaction can be performed in the 
presence of a micellar phase. Ewing and co-workers have performed single cell 
analysis where the cell has been lysed and derivatised with NDA/cyanide in a 
single step (Gilman and Ewing 1995, Beyer Hietpas and Ewing 1995). Apart 
from derivatisation, many other types of chemical manipulation can be 
performed on-column. Chang and Yeung (1993) demonstrated on-column 
digestion of proteins and Bao and Regnier (1992) have performed "Ultramicro 
enzyme assays" in CE. 
In microchemical analytical work, as for analysis of single biological cells, 
extremely small sample volumes, nanolitres or less, must be handled. To be 
able to perform different types of chemical manipulations on-column prior to 
CE separations is therefore of the highest importance. The development of 
microchip technology, or nanotechnology, opens up fascinating possibilities for 
microanalysis. So far, there have been several demonstrations of CE 
separations performed on microchips. Microchip capillary electrophoresis of 
amino acids with integrated derivatisation, both pre-column and post-column, 
has also been demonstrated by Ramsey and co-workers (Jacobson et al. 
1994:a+b). 
53 
5. CONCLUDING REMARKS 
There is no doubt that capillary electrophoresis (CE) will continue to develop 
and mature as a separation technique. Along with further optimisation of 
instruments and procedures, CE will in many cases, if not already, be preferred 
for routine analysis where liquid chromatography is used today. CE will also 
continue to open up new possibilities for chemical analysis. The major 
strengths of CE are the high resolving power, analysis speed, small sample 
volumes and the fact that the technique is well suited for miniaturisation. 
Further studies on reagents for labelling of amino acids as well as the behaviour 
of the formed derivatives in different CE separation systems, for example 
different micellar systems, is needed. Aspects of derivatisation, separation and 
detection all have to be considered in order to be able to choose and design 
reagents. In the case of the OPA/TATG reagent, it is of interest to search for an 
alternative chiral thiol. Ideally, this thiol should exhibit both the very good 
separation behaviour of TATG and the favourable fluorescence properties of 
AC and IBC. 
The EMMA concept of derivatisation has great potential for future 
microanalytical applications. We have shown that on-column derivatisation 
works for the OPA/thiol reagents in MEKC although further studies are 
required for optimised procedures. 
Further development of reagents for semiconductor LIF detection is of great 
importance. Reagents for amino acids with a fast reaction time along with 
favourable fluorescence and separation properties are desired. Perhaps the 
semiconductor LIF detectors and reagent chemistry will meet half-way. 
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